This study tested the sensitivity of an arterial spin labeling MRI method to image changes in retinal and choroidal blood flow (BF) and anatomical thickness of the retina in the rd10 mouse model of retinitis pigmentosa. High-resolution (42 3 42 mm) MRI was performed on rd10 mice and age-matched controls at 25, 35, and 60 days of age (n 5 6 each group) on a 7-T scanner. Anatomical MRI was acquired, and quantitative BF was imaged using arterial spin labeling MRI with a separate cardiac labeling coil. Histology was obtained to confirm thickness changes in the retina. In control mice, the retinal and choroidal vascular layers were quantitatively resolved. In rd10 mice, retinal BF decreased progressively over time, while choroidal BF was unchanged. The rd10 retina became progressively thinner at later time points compared with age-matched controls by anatomical MRI and histology (P < 0.01). BF and anatomical MRI were capable of detecting decreased BF and thickness in the rd10 mouse retina. Because BF is tightly coupled to metabolic function, BF MRI has the potential to noninvasively assess retinal diseases in which metabolism and function are perturbed and to evaluate novel treatments, complementing existing retinal imaging techniques. Magn Reson Med 69:221-228,
Retinitis pigmentosa (RP) is a group of inherited retinal diseases which cause retinal degeneration and vision loss, affecting 1.5 million people worldwide (1) . It is characterized initially by a progressive loss of photoreceptors, with secondary deterioration of vascular and other cell layers (2) . Most RP patients undergo a preliminary loss of peripheral vision and impaired night vision because rods are usually affected first. Secondary degeneration, usually including loss of cones, follows, resulting in the loss of central visual field, color vision, and potentially complete blindness (1) . A large number of mutations in various genes which cause RP have been described, including the genes for rhodopsin, mertk, and phosphodiesterase b (2-4).
The rd10 mouse is an established animal model of RP (5-7). rd10 mice have a mutation in the Pde6b gene, encoding a subunit of the rod phosphodiesterase (5, 6) . Mutations in the gene for the b subunit of the rod phosphodiesterase have been found in human autosomal recessive RP (3) . The mutation in the Pde6b gene causes deficient activity of the rod phosphodiesterase, which results in the accumulation of cyclic GMP and death of rod cells (6) . Based on histological data, retinal degeneration begins in rd10 mice about postnatal 16 days, and the outer nuclear layer and inner and outer segments completely degenerate by 60 days of age (6, 7) . Degeneration of the outer retina begins first with loss of rods, with cone loss and remodeling of the inner retina occurring later (7) .
Although the genetic aspects and thickness changes of RP are well studied, the lack of noninvasive, depthresolved imaging techniques has limited the investigation of physiologic changes associated with retinal degeneration in vivo. Clinical examinations of RP include digital fundus photography using the seven stereo fields (8) , fullfield electroretinography (4), Goldmann visual field with V4e test object, and optical coherence tomography of the macula and optic disc and macular thickness (4) . Many potential treatments (9) , including vitamin A supplementation, intravitreal administration of growth factors (10) , neuroprotective drugs (11) , hyperoxia (12) , gene therapy (13) , and stem cell therapy (14) , show potential to slow, halt, or reverse retinal degeneration. Noninvasive imaging technologies that can pinpoint layer-specific cellular and vascular changes may enable longitudinal staging of RP, objective measures of therapeutic interventions, and improved understanding of disease processes in vivo.
Vascular changes occur secondary to photoreceptor loss in RP (14) (15) (16) , with atrophy of the retinal (14, 15) and choroidal (17) vasculature. Histological studies showed leakage in the retinal vessels in Royal College of Surgeons (a model of RP) rats by 2 months of age (18) . In a cat model of RP, retinal blood flow (rBF) was compromised while choroidal blood flow (chBF) was not significantly affected (19) . In RP patients, diameter, blood velocity, blood flow (BF) in retinal veins, and total rBF were found to be lower (20) , subfoveal chBF was lower (17) , and chBF was reduced in late, but not early, stages of the disease (21) . These findings suggest that there are vascular-specific (retinal and choroidal) changes accompanying retinal degenerations. Improved understanding of the physiological changes accompanying retinal degeneration may enable better understanding of the pathophysiology. BF changes may occur before irreversible degeneration, which could provide a potential objective measure of therapeutic interventions.
The goal of this study was to test whether anatomical and BF MRI techniques could detect changes of retinal thickness and possible changes of retinal and choroidal BF at different stages of retinal degeneration in the rd10 mouse model. Anatomical MRI was acquired using a balanced steady state free precession (bSSFP) sequence for fast image acquisition with high signal-to-noise ratio. BF MRI used cardiac spin labeling MRI (22) , which is based on the continuous arterial spin labeling technique with a separate cardiac coil to avoid saturation of the imaging signal in the retina due to the small size of mice.
METHODS

Animal Preparation
Experiments were performed on rd10 mice, which are homozygous for the Pde6b mutation and bred onto a C57BL/6J background (Jackson Laboratory, Bar Harbor, Maine). For controls, normal age-matched C57BL/6J mice were used (Jackson Laboratory, Bar Harbor, Maine). MRI and histology were performed on mice at postnatal ages 25, 35, and 60 days (P25, P35, and P60, n ¼ 6 control and 6 rd10 per age group). The exact ages for the three groups ranged from 23 to 26 days, 35 to 37 days, and 59 to 60 days. Imaging earlier time points than P25 was not done because of difficulty in monitoring physiology in smaller mice.
Animals were placed into a head holder with ear and tooth bars and breathed spontaneously under 1.0%-1.1% isoflurane, 30% O 2 with balance N 2 . Rectal temperature was maintained at 37 6 0.5 C via a circulating warm water pad. Respiration rate, heart rate, and oxygen saturation were continuously monitored (MouseOx, STARR Life Science Corp., Oakmont, PA).
MRI
MRI studies were performed on a 7 T, 30-cm bore magnet, and a 150 G/cm BGA6S gradient insert (Bruker, Billerica, MA), which had a 6-cm clear bore. BF MRI used the cardiac labeling technique (23) . For imaging, a small circular surface eye coil with active decoupling (0.6 cm diameter) was placed over the left eye. A circular labeling coil (0.8 cm diameter) was placed at the heart position for cardiac spin labeling (23) .
BF MRI was acquired using two-coil continuous arterial spin labeling with an echo planar imaging (EPI) sequence. Paired images, one with and one without labeling, were acquired in an interleaved fashion. The axial labeling plane was positioned at the heart and the label duration was 2.6 s, as described previously (23) . Images were acquired in a coronal orientation with a single slice through the optic nerve head, angled perpendicular to the retina. Two-segment, gradient-echo EPI was used with field of view ¼ 6 Â 6 mm, matrix ¼ 144 Â 144 (42 Â 42 mm resolution), postlabeling delay ¼ 350 ms, a single 0.4 mm slice, pulse repetition time ¼ 3 s per segment, and echo time ¼ 9.7 ms in 25-and 60-day-old mice or 12.6 ms for 35-day-old mice. For each scan, 100 pairs of images were acquired in time-series, totaling 20 min.
Anatomical images were acquired using a bSSFP sequence with a field of view ¼ 5 Â 5 mm, matrix ¼ 120 Â 120 (42 Â 42 mm), a single 0.4 mm slice, and echo time/pulse repetition time ¼ 3.6/7.2 ms. Data were oversampled by a factor of two in both the frequency and phase-encode directions. Fifty repetitions were acquired in time-series with three averages per repetition, totaling 4.5 min.
Data Analysis
Image analysis was done using codes written in Matlab (Math-Works, Natick, MA), STIMULATE software (University of Minnesota), and Statistical Parametric Mapping 5 (SPM5). Images for BF calculation were zeropadded to 256 Â 256 (nominal resolution of 23 Â 23 mm) before Fourier transform into imaging space. Anatomical images were zero-padded to 128 Â 128 (nominal resolution of 39 Â 39 mm). Images were acquired in time series, aligned using the spatial realignment function in SPM5 and averaged offline.
BF images of the eye, S BF , in units of (mL blood)/(g tissue)/min were calculated pixel-by-pixel using (24), where S NL and S L are signal intensities of the nonlabeled and labeled images, respectively. l, the water tissue-blood partition coefficient, was taken to be 0.9, the same as the brain (25) . l has not been reported for the retina or choroid. The whole-retina T 1 value at 7 T ranged from 1.6 to 1.9 s, and 1.8 s was used for both retina and choroid T 1 , which is also similar to brain T 1 at 7 T (26). MRI BF is inversely proportional to T 1 and thus such T 1 error would scale accordingly. The labeling efficiency a was previously measured to be 0.7 in the distal internal carotid arteries at the base of the frontal lobe (23) .
Quantitative analysis of anatomical thickness and BF values were performed (22, 27) . Anatomical and BF intensity profiles across the retinal thickness were obtained by projecting lines perpendicular to the inner edge of the retina with profiles obtained at 4Â spatial interpolation (22, 27) . Further motion correction was performed on the extracted profiles in Matlab (28) . BF profiles were averaged along the length of the retina, excluding the region around the optic nerve head. Anatomical profiles were averaged over two 273 mm long regions located on either side of the optic nerve head. Measurements of BF peak values and layer thicknesses-defined as the half-height width of the anatomical peaks-were determined from the average profiles for each animal. In animals in which the rBF layer could not be clearly distinguished, as was common in the rd10 mice at P35 and P60, the location at which to measure rBF was determined from the EPI anatomical profile.
Statistical analysis was performed using SPSS and Matlab. rBF, chBF, and histological thicknesses were analyzed using two-way analysis of variance. Levene's test was used to assess equality of variances. For data with equal variances (P > 0.05, chBF and inner and outer retinal thickness from histology), multiple comparisons were made using the Tukey-Kramer method. For data with unequal variances (P < 0.05, rBF and total neural retinal thickness from histology), multiple comparisons were made using Dunnett's T3. Thickness measurements from MRI were made on the data interpolated to 5.9 mm producing a discrete and non-normal distribution. As such, thickness measurements from MRI were compared using the nonparametric Wilcoxon rank-sum test. MRI and histological thickness were compared using the Wilcoxon rank-sum test. For all statistical tests, P < 0.05 was considered significant.
Histology
For histology, the mice were euthanized and the left eyes were enucleated and placed in 10% neutral buffered formalin overnight. Eyes were then dehydrated with washes of ethanol and xylene. Eyes were embedded in paraffin and sectioned at 8 mm on a microtome. Multiple slices through the optic nerve were obtained and stained using hematoxylin and eosin. Thickness measurements were made at 100Â with an Olympus BX60 microscope and averaged from two different slices with measurements made 6 250 mm away from the optic nerve head, on both sides. Histology and MRI were performed on the same animals in the P25 and P60 age groups and on separate animals in the P35 group. Table 1 shows the physiological parameters-weight, respiration rate, heart rate, and arterial oxygen saturationof the control and rd10 mice during acquisition of BF MRI. Weight was 2 g less in P25 rd10 mice compared with age-matched controls (P < 0.01). The remaining physiological parameters were not statistically different between aged-matched control and rd10 mice (P > 0.05, two-sided unpaired t-tests).
RESULTS
Histology demonstrated substantial degeneration of the rd10 retina at P25, P35, and P60 (Fig. 1) . In P60 rd10 mice, the inner/outer segments could no longer be detected. The outer nuclear/outer plexiform layers could not be distinguished from each other, so a single value was given for both layers. In P25 and P35 rd10 mice, the inner/outer segments could not be distinguished from each other, so a single value was reported for both layers. Anatomical layer thicknesses are summarized in Table 2 . Two-way analysis of variance was separately run on the total neural retina, outer retina (OPL, ONL, IS, and OS), and inner retina (GCL, IPL, and INL). In P60 rd10 mice, both the inner and outer retina were significantly thinner compared with P25 and P35 rd10 mice (P < 0.05) and controls at all ages (P < 0.001). The outer retina of P60 rd10 mice was also thinner than that of P35 rd10 mice (P < 0.05). In P35 rd10 mice, the inner retina was only significantly thinner compared with P25 controls (P < 0.01), and the outer retina was thinner than P25 rd10 mice (P < 0.05) and all control mice (P < 0.001). In P25 rd10 mice, the outer layers of the retina were significantly thinner (P < 0.001), while the inner retina was unchanged (P > 0.05) compared with controls at all ages. There were no significant thickness differences between any ages of the control mice (P > 0.05).
Representative MRI anatomical images (42 Â 42 Â 400 mm) and group-average profiles of normal and rd10 mice at P25, P35, and P60 are shown in Fig. 2 . In the control mice, four layers were present in the retina (including a layer that was the choroid) at all ages. In rd10 mice at all ages, there were only two MRI layers in the retina (including the choroid). Thicknesses of histological and MRI anatomical layers are summarized in Fig. 3 . Neural retinal thickness was normalized to the average thickness of P60 control mice (231 and 182 mm from histology and MRI, respectively). The average total thickness from MRI of the retina and choroid in control mice was 239 mm. The thickness of the neural retina was significantly less in rd10 mice compared with age-matched controls at P25, P35, and P60, but the thickness of the choroid (MRI layer 4) was not changed. In rd10 mice, the neural retina was significantly thinner at P35 and P60 compared with P25 rd10 mice (P < 0.01). MRI neural retinal thickness was significantly less compared with histological thickness in each group of animals (P < 0.01). BF images from control and rd10 mice are shown in Fig.  4 . Group-averaged BF profiles from control and rd10 mice at P25, P35, and P60 are shown in Fig. 5 . In the control mice at all ages, two BF peaks, corresponding to rBF and chBF, were present and were separated by a region with low BF that corresponded to the avascular region (outer nuclear layer and inner/outer segments). In rd10 mice, the chBF peak was easily distinguished at all ages, but the rBF peak was not as clear. At P25, there was an obvious rBF layer, but it was not well separated from chBF. At P35 days, there was a weak layer in the BF images that was likely the rBF, but it was not separated from chBF and was generally difficult to distinguish from noise. At P60, rBF was even more difficult to detect and could not generally be distinguished. The anatomical profiles from the EPI images are also shown in Fig. 5 , demonstrating the correspondence of BF to the EPI anatomy, which was used to determine the location of rBF in most rd10 mice.
Values of rBF and chBF are summarized in Fig. 6 . The results of analysis of variance showed a significant effect on rBF (P < 0.01) and chBF (P < 0.05) between rd10 and control mice. Age did not have a significant effect on rBF or chBF (P > 0.05). Comparisons of groups showed that rBF of P60 rd10 mice was significantly less than P25 and P60 controls as well as P25 rd10 mice. In P35 rd10 mice, rBF was significantly lower compared with P60 controls. Additionally, chBF in P25 controls was significantly less than P35 rd10 mice.
DISCUSSION
Novel noninvasive, high-resolution MRI approaches were applied to image perturbations of anatomical thickness and quantitative BF in the mouse retina with laminar resolution in a model of RP. MRI BF measures tissue perfusion in quantitative units of mL/g/min, in contrast to blood velocity and diameter measurements often reported in optical imaging literature. MRI detects progressive anatomical and BF changes at different stages of disease in the retina of the rd10 mouse model of RP. rBF is reduced but chBF is unchanged. Although MRI has low spatiotemporal resolution compared with optics, the unique advantage of MRI is that it offers physiological data with a large field of view and is not depth limited. Because BF is tightly coupled to metabolic function, it may provide a noninvasive measure of tissue pathophysiology in which basal metabolism and function are perturbed.
MRI Contrasts and Layers
There were four dark-bright-dark-bright anatomical layers in the mouse retina and choroid in bSSFP images, as Neural retina is the sum of all layers. GCL: ganglion cell layer; IPL: inner plexiform layer; INL: inner nuclear layer; OPL: outer plexiform layer; ONL: outer nuclear layer; IS: inner segments; OS: outer segments. Please see Fig. 3 for statistical tests.
FIG. 2. Anatomical images at 42 Â 42
Â 400 mm from a single (a) control and (b) rd10 mouse at P60. c: The group average anatomical profiles for control mice at P25, P35, and P60 (n ¼ 6 at each age) and for rd10 mice at P25, P35, and P60 (n ¼ 6 at each age). The choroid peaks from all profiles were aligned together. Four layers were present in the control retina, including the choroid (labeled 1-4 in red below the profiles). Two layers were present in the rd10 retina, including the choroid (labeled 3-4 in blue above the profiles). Layer 3 likely corresponds to different anatomical layers in the control and rd10 retina. Error bars are SD. The green arrows indicate the choroid (layer 4). The black arrowheads indicate the vitreous-retina edge. The white boxes indicate the two 273 mm wide regions from where the profiles were obtained. To avoid blurring in the group average profiles a one-dimensional spatial transformation, including translation and scaling, was performed so that the 4 (or 2) labeled maxima and minima from each animal were aligned to all other animals in the group. Profiles were normalized by their maximum and minimum values before calculation of mean and SD.
described previously (28) , and consistent with T 2 -weighted and diffusion-weighted MRI of the mouse eye at 47 Â 47 Â 400 mm (29) (30) (31) . These studies concluded that the outermost of the three retinal layers was the photoreceptor cells (outer nuclear layer and inner/outer segments), and that the two inner layers of the retina were the inner nuclear/outer plexiform layers and the nerve fiber/ganglion cell/inner plexiform layers based on the directionality of water diffusion (30, 31) or blood level oxygenation dependent changes to hypoxia (28) . The three retinal layers found with bSSFP in the control mice likely correspond to these same layers (28) . In the rd1 mouse model of RP at 2-4 months of age, T 2 -weighted and diffusion-weighted MRI also revealed two layers in the retina, including the choroid (30, 31) , consistent with our bSSFP data in the rd10 mice. The remaining MRI layer of the neural retina in rd1 mice was thought to be the nerve fiber/ganglion cell/inner plexiform layers, while the inner nuclear/outer plexiform layers were believed to be indistinguishable from the choroid (30, 31) . Changes in thickness were not reported in these previous studies. Degeneration in the rd10 and rd1 mouse is similar, but the rd1 degeneration has early onset and is more rapid, so MRI detection of retinal thinning over time is likely difficult compared with the slower degenerating rd10 retina (6) . Three bright-dark-bright anatomical layers have been found in the rat retina and choroid using T 1 -weighted gradient-echo MRI at 60 Â 60 Â 500 mm (27) . The outer bright layer was believed to be the choroid, the middle dark layer the avascular photoreceptor cells (outer nuclear layer and inner/outer segments), and the inner bright layer the nerve fiber/ganglion cell/inner plexiform/inner nuclear layers (27) . The inner and outer bright layers were enhanced by intravascular gadolinium, corresponding to the retinal and choroidal vessels (27, 32) . In the Royal College of Surgeons rat model of RP at P120, only a single bright layer was detected (27) , likely corresponding to the choroid combined with the   FIG. 3 . Group-averaged normalized thicknesses of the neural retina from (a) histology and (b) anatomical MRI (sum of MRI layers 1, 2, and 3) at 42 Â 42 Â 400 mm from control and rd10 mice at P25, P35, and P60. c: Group-averaged absolute thicknesses of the choroid from anatomical MRI (MRI layer 4). Error bars represent SD. *P < 0.01 compared with age-matched control mice, **P < 1 E À6 compared with age-matched control mice. From MRI, P35 and P60 rd10 mice also had significantly thinner retinas compared with P25 rd10 mice, P < 0.01. From histology, P60 rd10 mice had significantly thinner retinas compared with P25 and P35 rd10 mice, P < 0.01, and P35 rd10 mice had thinner retinas compared with P25 rd10 mice, P < 0.05. bright inner layer (nerve fiber/ganglion cell/inner plexiform/inner nuclear layers). Gadolinium enhanced the entire remaining layer demonstrating the loss of the avascular outer layers of the retina. Of note, manganeseenhanced MRI has been used as a of measure ionic regulation to detect early changes in animal models of RP (33) .
Retinal Thickness and Anatomical MRI
The neural retina was substantially thinner in the rd10 mice compared with age-matched controls. The thickness of the choroid did not change, as expected. The rate of retinal degeneration varied across time. The photoreceptors in rd10 mice degenerated rapidly between 16 and 30 days of age, during which time most of the retinal degeneration occurs (6, 7) . This is consistent with the large histological changes between P25 and P35 mice but slight change between P35 and P60 found herein. In rd10 mice, the inner retinal layers undergo extensive remodeling (34) , and about 20% of bipolar cells (in the inner nuclear layer) are lost between 1.5 and 3.5 months (7). The inner nuclear layer is thinner in rd10 mice by 6 months of age (35) , and the inner retina is slightly thinned in rd1 mice (36) .
At 42 Â 42 Â 400 mm resolution, MRI could noninvasively detect differences in retinal thickness between age-matched rd10 mice and controls at all ages and thinning of the rd10 retina over time, with the retina being substantially thinner at P35 and P60 compared with P25. Both MRI and histology detected thinning of the retina, but the thicknesses from MRI were less than those from histology. However, the difference in thickness between age-matched control and rd10 mice was similar from MRI (67, 107, and 117 mm at P25, P35, and P60, respectively) and histology (92, 104, and 133 mm at P25, P35, and P60, respectively).
Possible reasons for the discrepancy include distortion of the tissue during fixation and processing for histology and partial volume effect in MRI. We have found that fixation using premixed formalin (used herein) was different from using fresh-made paraformaldehyde, with premixed formalin yielding thicker retinas compared with fresh-made fixative (data not shown). Partial volume and the relatively low spatial resolution of MRI will limit the precision and accuracy of MRI derived thicknesses. Neural retinal thickness in mice from MRI at 47 Â 47 mm, frozen histology, and paraformaldehyde-fixed histology were 182, 220, and 159 mm, respectively (29) . With MRI at 23 Â 23 mm, retinal thickness in mice was 207-224 mm (37) . Thickness in rats from MRI at 60 Â 60 mm and paraformaldehyde-fixed histology were 180 and 169 mm, respectively (27) . Interestingly, the MRI thickness measurements seem to be more consistent than histology despite the limited MRI resolution, suggesting histological preparation can substantially affect retinal fixation. However, limited MRI spatial resolution will greatly limit precision of retinal thickness measurements.
BF Measurement
In normal controls, two separated BF layers, corresponding to rBF and chBF, could be distinguished. In P25 rd10 mice, the rBF and chBF layers were clearly present in all mice but were not separated well. In rd10 mice at P35 and P60, the chBF layer was still obvious, but rBF was difficult to detect, particularly at P60. The difficulty in detecting the rBF layer at later stages of retinal degeneration could be due to reduced rBF or insufficient spatial resolution to detect the vascular layer of the thinned retina. The thinning of the avascular outer retina results in the vascularized inner retina and the choroid moving closer together. Based on the anatomical profiles of the EPI images, however, the neural retina was thick enough to be distinguished, and thus, rBF should still be able to be detected by MRI in principle.
Partial volume effect from the choroid would be expected to cause overestimation of rBF. However, rBF was consistently reduced in rd10 mice, suggesting that partial volume effect from chBF did not completely overwhelm the rBF. Nonetheless, partial volume effect from the choroid could confound interpretation. In the worst case, there may be essentially no rBF in rd10 mice at P35 and P60 and the measured rBF was just the tail of the chBF peak. Future studies at higher resolution are needed to better model the data and to elucidate contribution of partial volume effect. Partial volume effects and atrophy artifacts could also lead to underestimated rBF. For instance, increased partial volume from the vitreous would cause underestimation of rBF, although as the vascularized inner retina had only slight thinning, we expect increased partial volume effect from the vitreous would be less compared with increased partial volume from the choroid.
In normal conditions, the retinal vessels are embedded in the inner retina and the outer retina is avascular. Another factor to consider is whether labeled vascular water could exchange into tissue and diffuse into or across the avascular region. In controls, the two BF peaks from the choroid and the inner retina were separated by a BF minimum, suggesting there may be little diffusion of spin-labeled water from one vascular layer to the other but this remains to be investigated. In controls, the thickness of the avascular layer (> 100 mm) and the inner and outer blood retina barriers would limit diffusion from one vasculature to the other. In rd mice, however, blood retina barrier permeability increases (31) and the avascular region almost completely degenerates, so some labeled water from the choroid may perfuse into the remaining retina, contributing to the low rBF signal. Measurement of permeability changes specific to the retinal pigment epithelium (the outer blood retina barrier) would be difficult and were not accounted for in this study. A possible way to further investigate this would be to ablate the retinal vessels or to use animals which lack retinal vessels, such as the guinea pig or rabbit (38) .
In the rd10 mouse model of RP, rBF showed progressive reduction with age but was only significantly reduced at P60. ChBF was unaffected in rd10 mice up to P60, although it remains possible that the chBF could be affected in older mice. In P25 controls, chBF was significantly lower compared with P35 rd10 mice, but chBF was otherwise consistent among all groups. Due to the lack of any other differences in chBF, this may be an error due to the small sample sizes per group. Previous studies of RP also reported reduced rBF and potentially reduced chBF. In a cat model of RP, rBF was compromised while chBF was not significantly affected (19) . In humans, diameter, blood velocity, and BF in retinal veins were all lower in RP patients, as well as total rBF (20) . In another study of human RP, the ocular pulse amplitude, an indication of chBF, was found to be reduced in late, but not early, stages of the disease (21) . In yet another study using laser Doppler flowmetry, chBF was reduced in human RP (17) . In rd1 mice, loss of the choriocapillaris does occur but not until 10 weeks of age (39) . By 16 months of age, only 5%-10% of the choriocapillaris is atrophied (39) , so it is not surprising that chBF was not reduced in rd10 mice at only P60. Possible explanations for the apparent discrepancies among different studies could be due to differences between animal models and human RP, stages of disease, and/or measurement methods. It is also possible that there are regional reductions in chBF.
The causes of reduced rBF could be multifactorial. There is evidence that attenuation of retinal vasculature in RP is due to hyperoxia in the retina, caused by the loss of the metabolically active photoreceptors (16, (40) (41) (42) . Royal College of Surgeons rats have higher tissue oxygen levels in the retina, increased delivery of oxygen from the choroid to the inner retina and reduced oxygen input from the retinal circulation (41, 43) . In Abyssinian cats, inner retinal oxygen is unaltered while the retinal vessels attenuate, possibly to maintain normal tissue oxygenation (42) . Another possibility is that reduced rBF is a result of reduced metabolic needs of the inner retina due to decreased signaling from the degenerating photoreceptors. The retinal vasculature regulates BF in response to the oxygen levels and metabolic needs of the inner retina (40) . However, the choroid has little or no response to oxygenation or metabolic needs of the retina (40), a possible reason for the unchanged chBF in the rd10 mice. Additionally, the inner retina undergoes extensive remodeling, which could alter its function and metabolism or possibly directly affect vascular structure (44) .
CONCLUSIONS
This study demonstrates that MRI methods could detect anatomical and BF changes in the rd10 mouse model of RP with layer specificity, depth resolution, and a large field of view. Future studies will investigate evoked responses and vascular reactivity as potential imaging markers for early detection and longitudinal monitoring of therapeutic treatments in retinal degeneration as well as other retinal diseases, such as diabetic retinopathy. MRI has the potential to provide clinically relevant physiological and functional data noninvasively, complementing existing imaging techniques. Human retinal MRI application could be explored and feasibility has been recently demonstrated (45) (46) (47) .
